SUMMARY: TSLC1 (tumor suppressor in lung cancer-1) is an adhesion molecule of the Ig superfamily that binds homophilically and mediates cell-cell interactions. Originally, TSLC1 was cloned as a candidate tumor suppressor from the genomic region that frequently exhibits loss of heterogeneity in human non-small-cell lung cancer (NSCLC). However, there have been no studies on TSLC1 expression in normal lungs or NSCLC. Here we show that pulmonary epithelial cells express TSLC1 and its expression levels are often decreased or lost in primary pulmonary adenocarcinoma, a major histologic type of NSCLC. Immunohistochemistry revealed that TSLC1 was localized at cell-cell boundaries of all columnar epithelial cells in mouse embryonic lungs of 10.5 and 13 days postcoitus. Similar staining patterns were observed in bronchiolar and alveolar epithelial cells of adult human lungs, suggesting a physiologic role for TSLC1 in interactions of these cells. Next we performed Western blot analyses of TSLC1 in 47 primary pulmonary adenocarcinomas and judged each tumor as either decreased or nondecreased by comparing TSLC1 expression levels of the tumor with the levels of normal lungs. The expression profiles had a significant relation to histologic subtypes but not to other clinicopathologic parameters. Sixteen bronchioloalveolar carcinomas (BACs) were all judged nondecreased, while 19 of 31 (63%) adenocarcinomas other than BAC were judged decreased (p Ͻ 0.0001). Immunohistochemistry of tumors judged nondecreased revealed that not only BAC cells but also tumor cells in lepidic growth components of adenocarcinomas other than BAC expressed TSLC1 on their lateral plasma membranes. These tumor cells are considered less invasive because they proliferate in a lepidic growth pattern along alveolar walls. Thus, the present results not only support the hypothesis that TSLC1 is a tumor suppressor of NSCLC but also suggest that preserved integrity of TSLC1 may contribute to less invasive phenotypes of lepidic growth tumor cells. (Lab Invest 2003, 83:1175-1183.
T SLC1 (tumor suppressor in lung cancer-1) is a recently identified member of the Ig superfamily (Kuramochi et al, 2001; Masuda et al, 2002) . Its mouse orthologue is SgIGSF (spermatogenic Ig superfamily), which was cloned from adult mouse testes (Wakayama et al, 2001 ). The two proteins have 98% amino acid identity with each other , and both have an extracellular domain with significant homology to NCAM-1 (neural cell adhesion molecule-1) and NCAM-2. They also bear a motif sequence in their intracellular domains that putatively connects to the actin cytoskeleton . Consistent with these structural features, recent studies of Masuda et al (2002) and of our own (Ito et al, 2003) have shown that TSLC1 and SgIGSF mediate intercellular adhesion. Both proteins bind homophilically and, at least, SgIGSF is also used as a heterophilic adhesion molecule by particular cells (Ito et al, 2003; Wakayama et al, 2003) .
TSLC1 was named after its original cloning from the region of chromosome 11q23.2, where loss of heterozygosity is frequently found in human non-smallcell lung cancer (NSCLC) (Kuramochi et al, 2001 ). Murakami and colleagues (2002) demonstrated that TSLC1 could function as a tumor suppressor in the mouse model using lung cancer cell lines. TSLC1 strongly suppresses in vivo tumor growth and metastasis, although it neither suppresses in vitro cell growth nor induces apoptosis or cellular senescence (Kuramochi et al, 2001; Yageta et al, 2002) . In addition TSLC1 expression is reduced or lost in various lung cancer cell lines due to hypermethylation of the TSLC1 gene promoter (Kuramochi et al, 2001) . In spite of these intensive studies, it remains unclear what relationships exist between the two aspects of TSLC1, an adhesion molecule and a tumor suppressor. Moreover, there are no reports that examined TSLC1 expression in human primary NSCLC or normal lung tissues.
Adenocarcinoma is a major histologic type of NSCLC and is further classified into five subtypes: acinar, papillary, bronchioloalveolar carcinoma (BAC), solid, and adenocarcinoma with mixed subtypes (Travis et al, 1999) . BAC is defined by a unique growth pattern of well-differentiated cuboidal tumor cells along intact alveolar walls, ie, lepidic growth. In addition, BAC is clinically distinguished from other types of adenocarcinomas by a better outcome of surgical treatment (Breathnach et al, 1999; Grover and Piantadosi, 1989; Kuriyama et al, 1999; Kwiatkowski et al, 1998) . Adenocarcinomas other than BAC often contain lepidic growth components peripherally, where tumor cells proliferate in lepidic growth pattern as do BAC cells (Kumaki et al, 2001; Silver and Askin, 1997) . Interestingly, pulmonary adenocarcinomas with larger areas of lepidic growth components manifest better prognoses (Kumaki et al, 2001; Yokose et al, 2000) . Adenocarcinoma cells showing lepidic growth seem to be less malignant.
In the present study, we firstly examined TSLC1 expression in the embryonic and adult lung by immunohistochemistry and found pulmonary epithelial cells primarily expressed the TSLC1 protein on their lateral plasma membranes. We next examined, by Western blotting, expression levels of TSLC1 in pulmonary adenocarcinomas of various pathologic stages and histologic subtypes, and found that TSLC1 expression was frequently reduced or lost in adenocarcinomas other than BAC.
Results

Expression of TSLC1 in Normal Lungs
We firstly examined TSLC1 expression in the lung tissues at various ages by Western blot analyses using a polyclonal antibody raised against the C-terminal peptide of TSLC1 (Ito et al, 2003; Wakayama et al, 2003) . In the embryonic lungs, TSLC1 expression was detectable as early as 13 days postcoitus (pc) (Fig. 1) . It markedly increased at 15 days pc and gradually decreased toward the time of birth (Fig. 1) . After birth, protein levels of TSLC1 increased again and reached a peak on the 10th day, with a slight decline in adulthood (Fig. 1) . In addition to the expression level, we noticed that mobility size of the TSLC1 protein changed with age. As shown in Figure 1 (left panel), TSLC1 proteins migrated faster on polyacrylamide gels as mice aged. Mobility size of the proteins ranged from 80 to 110 kd, and some TSLC1-specific bands were smears larger than 10-kd wide. These results were reminiscent of our previous observations that TSLC1 is a glycoprotein and the extent of its glycosylation is regulated developmentally in testes . Protein samples from the lung tissues were incubated with peptide N-glycocidase F (PNGase F), an amidase that hydrolyzes N-glycan chains from glycoproteins, and were then blotted with the anti-TSLC1 antibody.
The immunoreactive signals at all ages examined were detected as a sharp band at a reduced size of ‫ف‬ 60 kd (Fig. 1, right panel) . The extent of glycosylation of TSLC1 appeared to be regulated developmentally in lungs.
We next examined TSLC1 expression in mouse embryonic lungs by immunohistochemistry using the anti-TSLC1 antibody. Because the lung rudiments appear by 10 days pc (Kaufman, 1992) , we examined mouse embryos of 10.5, 13, 15, and 18 days pc. In the lung buds at 10.5 and 13 days pc, the TSLC1 signals were detectable at cell-cell boundaries of all columnar epithelial cells (Fig. 2, A and B) . In the lungs of 15 days pc embryos, epithelial lining gave rise to two architectures, bronchi and bronchioles. All bronchiolar epithelial cells were strongly positive for TSLC1 as well (Fig.  2C ). In contrast, TSLC1 signal intensity was weak in bronchial epithelial cells, some of which were negative for TSLC1 (Fig. 2C ). This staining pattern was quite similar to that of E-cadherin, a well-known intercellular adhesion molecule, with the exception that signals for E-cadherin in bronchial epithelial cells were as strong as the signals in bronchiolar epithelial cells (Fig. 2D) . At 18 days pc, another architecture was seen, the alveoli. Bronchiolar epithelial cells were still positive for TSLC1, while cuboidal cells that line the alveoli were not always positive (Fig. 2E ). Staining pattern of the bronchial epithelial cells was similar to that of 15 days pc embryos (Fig. 2, C and F) . Cells making up blood vessels were negative for TSLC1 in the embryonic lung (Fig. 2F) .
In adult human lungs, signals specific for TSLC1 were detected primarily on the lateral plasma membranes of bronchiolar and alveolar epithelial cells ( Western blot analyses of TSLC1 in mouse lung tissues at various ages. In the left panel, protein samples were prepared from the lung tissues of mice of the indicated ages, subjected to electrophoresis on a 10% SDS-polyacrylamide gel, and blotted with the anti-TSLC1 antibody. After stripping, the blot was probed again with the anti-␣-tubulin antibody to indicate the total amount of proteins loaded per lane. In the right panel, the protein samples were treated with peptide N-glycocidase F (PNGase F) before they were blotted with the anti-TSLC1 antibody. others were negative (data not shown). In addition, the signals were detected at cell-cell boundaries of bronchial and bronchiolar serous gland cells and in and along nerve fibers (Fig. 2 , J and I). Similar results were obtained when the mouse adult lung was stained with the same antibody (data not shown).
Ito et al
Reduced Expression of TSLC1 in Pulmonary Adenocarcinoma Other than BAC
We examined whether TSLC1 expression levels were actually reduced in pulmonary adenocarcinoma by Western blot analyses using the anti-TSLC1 antibody. Characteristics of 47 patients are listed in Table 1 . All patients underwent complete curative operation at the time of diagnosis and were adequately followed up at the Hyogo Medical Center for Adults in Japan. Resected lung tissues were used for pathologic diagnosis and protein extraction. Protein samples were obtained both from the largest cut surface of each tumor and from a macroscopically normal lung tissue adjacent to each tumor. Expression levels of TSLC1 were comparable in all noncancerous lung samples ( Fig. 3A ; data not shown). Thus, expression levels of TSLC1 in individual tumors were compared with the level in a representative noncancerous lung sample after the total protein amounts loaded per lane were equalized by the band intensities for ␣-tubulin. According to the TSLC1 expression level, each tumor was judged either decreased or nondecreased. Nineteen (40%) tumors expressed decreased levels of TSLC1, and tumors of the rest expressed nondecreased levels (Fig. 3B) .
We noticed that the expression profiles of TSLC1 had a significant relation to histologic subtypes. Tumors examined were classified into four histologic subtypes: 15 papillary, 16 BAC, 4 solid, and 12 mixed subtypes. All (100%, 16 of 16) BAC were judged nondecreased, whereas more than half (63%, 19 of 31) of adenocarcinomas of other subtypes were judged decreased (p Ͻ 0.0001) ( Fig. 3B ; Table 1 ). On the other hand, there was no significant difference in age, gender, pathologic stages, or grade of tumor differentiation between the decreased and nondecreased groups.
Tumors judged nondecreased 16 BAC, 6 adenocarcinomas with mixed subtypes, 5 papillary, and 1 solid adenocarcinomas were further examined by immunohistochemistry using the anti-TSLC1 antibody. In all BAC, signals specific for TSLC1 were clearly detectable on the lateral plasma membranes of BAC cells (Fig. 4, A and B) . Intensity and subcellular localization of TSLC1 signals in BAC cells were quite similar to those in bronchiolar and alveolar epithelial cells. In all papillary adenocarcinomas and three adenocarcinomas with mixed subtypes, TSLC1 signals were detected exclusively in tumor cells of lepidic growth components (Fig. 4, C and D) . In four of the rest, TSLC1 staining occurred in part of tumor cells of acinar and solid components (Fig. 4, E and F) . Even in tumor cells other than BAC cells, TSLC1 signals were detected primarily on lateral plasma membranes. The major components that contained TSLC1 signals are shown in Table 1 .
Discussion
We detected TSLC1 expression in epithelial cells of the lung buds at 10.5 days pc. Because the lung buds first became recognizable around 9.5 days pc and the main bronchi appear in the lung buds by 10 days pc (Kaufman, 1992) , our observation indicates that lung epithelial cells start to express TSLC1 at a very early stage of their development. Although TSLC1 expression was detectable in the lung tissues at all ages examined, expression levels and the extent of glycosylation of TSLC1 proteins were changed with age. Moreover, there was a substantial difference in TSLC1 expression pattern among the bronchi, bronchioles, and alveoli as revealed in mouse embryos of late gestational stages (Fig. 2, C, E, and F) . Expression of TSLC1 proteins appeared to be regulated in a spatiotemporal manner during lung development.
In mouse and human lungs, TSLC1 was expressed mainly by epithelial cells and localized on their lateral plasma membranes, consistent with recent characterization of this protein as an intercellular adhesion molecule (Ito et al, 2003; Masuda et al, 2002) . This localization of TSLC1 proteins in mouse embryonic bronchiolar epithelia was quite similar to that of E-and P-cadherins (Fig. 2D) (Hirai et al, 1989) . Cadherins are a family of adhesion molecules that bind homophilically and mediate cell-cell interactions (Takeichi, 1991) . E-and P-cadherins play a synergistic role in the organization of epithelial cells during lung morphogenesis (Hirai et al, 1989) . By analogy, TSLC1 may have a similar role in developing lungs. In adult lungs, bronchiolar and alveolar epithelial cells and serous gland cells expressed TSLC1 proteins on their lateral plasma membranes, suggesting a physiologic role for TSLC1 in cell-cell interactions. In addition, TSLC1 signals were detectable in and along nerve fibers. Among members of the cadherin family, N-cadherin is preferentially expressed by nerve cells (Takeichi, 1991) . Although TSLC1 and cadherin are structurally different from each other, both may function cooperatively in certain cell types.
Expression of TSLC1 was often reduced or lost in pulmonary adenocarcinomas, supporting the hypothesis that this protein is a tumor suppressor of NCSLC. But this hypothesis appeared to be applicable to adenocarcinomas other than BAC, because expression levels of TSLC1 were not reduced in all BAC when compared with those in normal lung tissues. Moreover, subcellular localization of TSLC1 proteins in BAC cells was quite similar to that in bronchiolar and alveolar epithelial cells, indicating that the integrity of TSLC1 was preserved in BAC cells. The integrity of TSLC1 appeared to be preserved also in tumor cells of lepidic growth component of adenocarcinomas other than BAC. Like BAC cells, tumor cells in this component proliferate in a lepidic growth pattern. Although lepidic growth has long been regarded as an alignment of tumor cells along almost intact alveolar walls Ito et al (Miller, 1990; Travis et al, 1988) , the molecular bases underlying lepidic growth are not fully understood. Ohori et al (1996) showed that BAC cells expressed relatively high levels of an isoform of the CD44 transmembrane glycoprotein. Koga et al (2001) reported that p53 mutation is of rare occurrence in BAC cells. Kumaki et al (2001) showed that the integrity of type-IV collagen is preserved in lepidic growth component of pulmonary adenocarcinoma. Preservation of the integrity of TSLC1 appeared to be another molecular event that defines lepidic growth tumor cells and might help to prevent tumor cells from invading alveolar walls. In some adenocarcinomas other than BAC, TSLC1 staining occurred in part of tumor cells present in acinar and solid components. Although we cannot point out any difference between TSLC1-positive and -negative tumor cells in these tumors at present, TSLC1-positive cells may be kept less invasive by preserving the integrity of TSLC1. Future follow-up of the patients examined in this study may reveal some relationship between TSLC1 expression and prognosis in adenocarcinomas other than BAC.
In conclusion TSLC1 expression was regulated spatiotemporally during lung development, and the protein was primarily detected on lateral plasma membranes of bronchiolar and alveolar epithelial cells, suggesting a role for TSLC1 in interactions of these cells. Expression of TSLC1 proteins was often reduced or lost in pulmonary adenocarcinomas other than BAC. Not only BAC cells but also tumor cells of lepidic growth components of other adenocarcinomas expressed TSLC1 on their lateral plasma membranes as did bronchiolar and alveolar epithelial cells. These results not only support the hypothesis that TSLC1 is a tumor suppressor of NSCLC, but also suggest that preserved integrity of TSLC1 may underlie unique clinicopathologic features of BAC, such as lepidic growth of tumor cells and a better outcome of surgical treatment.
Materials and Methods
Patients and Classification of Tumors
All patients examined in this study underwent a standard operation, which included the complete dissection of the first and second groups of the regional lymph nodes, at Hyogo Medical Center for Adults in Japan from 2000 to 2002. They were never treated with chemotherapy or irradiation before surgery. All cancer lesions appeared to have originated from peripheral areas of the lungs and were fully resectable. The patients consisted of 27 men and 20 women, and their mean age was 64.5 years (range, 37 to 82 years). Clinical and pathologic data on these patients are summarized in Table 1 . The anatomic extent of tumors was assessed by the tumor, node, metastasis (TNM) system, in which the T, N, and M categories indicate the status of primary tumor, regional lymph node, and distant metastasis, respectively (Mountain, 1997) . The three categories were then clustered according to the International Staging System for Lung Cancer (Mountain, 1997) to determine the pathologic stages of the tumors. Histologic types and differentiation grades of the tumors were based on the 1999 WHO classification (Travis et al, 1999) and the criteria of the Japan Lung Cancer Association (Kobayashi, 1999) , respectively.
Preparation of Tissues and Antibodies
Tissues were obtained both from the largest cut surface of each tumor and from a macroscopically normal lung tissue adjacent to each tumor. The tissues were divided longitudinally into two: one was used for protein analysis, and the other was used for histologic study. Mice (C56BL/6) were purchased from Japan SLC (Hamamatsu, Japan). Mouse embryos and adult lungs were longitudinally cut into two and used similarly.
Rabbits were immunized against the synthetic polypeptide containing 15 amino acids of the C-terminus of SgIGSF, a mouse orthologue of TSLC1 (Wakayama et al, 2001 ). Four months later, the rabbit Western blot analyses of TSLC1 in adult human normal lung tissues and pulmonary adenocarcinomas. Protein samples were subjected to electrophoresis on 10% SDS-polyacrylamide gels and blotted with the anti-TSLC1 antibody. After stripping, the blots were probed again with the anti-␣-tubulin antibody to indicate the total amount of proteins loaded per lane. (A) Western blot analyses of TSLC1 in normal lung tissues from adult mice and five patients (Cases 5, 20, 24, 26, and 28) . (B) Western blot analyses of TSLC1 in pulmonary adenocarcinomas of various histologic subtypes. Histologic subtypes, pathologic stages (I, II, III, and IV), and case numbers are shown above lanes. According to the relative TSLC1 signal intensity, each tumor was judged either nondecreased (N) or decreased (D), as indicated below each lane. The criteria for this judgement are described in the "Western Blot Analysis" section. Lysate (L) of normal lung tissue from Case 24 that was loaded in the left-most lane as a positive control is shown.
Ito et al sera were purified with an affinity column containing the synthetic polypeptide and were used as an anti-TSLC1 antibody in the present study, because the amino acid sequence of the C-terminus of SgIGSF was the same as that of TSLC1. The method of preparation and the sensitivity of the antibody were described in detail previously (Ito et al, 2003; Wakayama et al, 2003) .
Immunohistochemistry
Tissues were fixed with 4% paraformaldehyde, embedded in paraffin, and cut into sections (4-m thick).
Sections were deparaffinized, rehydrated, autoclaved for 20 minutes at 121°C in 10 mM citrate buffer solution (pH 6.0), and incubated in methanol containing 0.3% peroxide for 30 minutes. Sections were washed three times with PBS (PBS) prior to each step of the procedure. The sections were incubated in PBS containing 2% BSA for 30 minutes to block nonspecific Ig binding. Subsequently the sections were incubated with the anti-TSLC1 antibody (1:500 dilution) in PBS containing 2% BSA for 6 hours at 4°C, and were incubated with a biotin-conjugated antirabbit Ig G antibody (1:100 dilution; MBL, Nagoya, Japan) in PBS containing 2% BSA for 2 hours at 4°C. The sections were then incubated with peroxidase-conjugated streptavidin (1:400 dilution; Dako, Kyoto, Japan) for 30 minutes at room temperature. After three washes with PBS, the color was developed using aminoethylcarbazole (AEC; Dako, Kyoto, Japan) as a substrate for peroxidase. Finally the tissues were counterstained with hematoxylin and mounted. For E-cadherin staining, a monoclonal anti-E-cadherin antibody (clone 36; Transduction Laboratories, Lexington, Kentucky) and a biotin-conjugated antimouse Ig G antibody (MBL) were used as a primary and a secondary antibody, respectively. Negative immunohistochemical control procedures included omission of the primary antibodies and replacement of the primary antibodies by normal rabbit or mouse Ig G in appropriate concentrations. These control procedures gave negative results.
Western Blot Analysis
Tissues frozen in liquid nitrogen were crushed into pieces and vigorously vortexed in a buffer solution containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride. Impurities were removed by centrifugation. The resulting lysates were separated on 10% SDSpolyacrylamide gels and transferred to Immobilon (Millipore, Bedford, Massachusetts). The blots were reacted with the anti-TSLC1 antibody (1:500 dilution) in a buffer containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.05% Triton X-100, and 5% skim milk (Difco, Sparks, Maryland) for 3 hours at 4°C. After washing, the blots were incubated with a peroxidaseconjugated antirabbit Ig G antibody in a buffer containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.05% Triton X-100, and 5% skim milk for 2 hours at 4°C, and then reacted with Western Lighting reagents (PerkinElmer Life Sciences, Boston, Massachusetts) before exposure. After stripping, the blots were incubated firstly with an anti-␣-tubulin antibody (Sigma, St. Louis, Missouri) and secondarily with a peroxidase-conjugated antimouse Ig G antibody (MBL), and then were reacted with Western Lighting reagents (PerkinElmer) before exposure.
Chemiluminescent intensities of specific signals were calculated with the FluorChem IS-8000 system (Alpha Innotech Corporation, San Leandro, California). Relative TSLC1 signal intensities were obtained by dividing intensities of TSLC1 signals by those of ␣-tubulin signals. When a relative TSLC1 signal intensity in a tumor was half of that in a normal lung tissue or larger, the tumor was judged nondecreased. Tumors, to which this criterion was not applicable, were judged decreased.
Enzymatic Digestion of N-linked Glycosylation
Protein samples of lung tissues were deglycosylated with PNGase F (New England Biolabs, Beverly, Massachusetts) according to the manufacturer's instructions. Briefly, a 100-l volume of lung tissues frozen in liquid nitrogen was crushed into pieces, vigorously vortexed in the denaturing buffer supplied with the enzyme, and incubated at 100°C for 10 minutes. Then one-fiftieth of the sample was incubated at 37°C for 1 hour in the presence of PNGase F (500 units). The samples were then separated on SDS-polyacrylamide gels and reacted with the anti-SgIGSF antibody as described in the "Western Blot Analysis" section above.
Statistical Analysis
The 2 test was performed using StatView (Abacus Concepts Inc., Cary, North Carolina) software on a Macintosh computer. A p value of Ͻ 0.05 was considered to be significant.
